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Danger patterns on microbes or damaged host cells bind and activate C1, inducing innate immune responses and clearance through the complement cascade. How these patterns trigger complement initiation remains elusive. Here, we present cryo-electron microscopy analyses of C1 bound to monoclonal antibodies in which we observed heterogeneous structures of single and clustered C1-immunoglobulin G1 (IgG1) hexamer complexes. Distinct C1q binding sites are observed on the two Fc-CH2 domains of each IgG molecule. These are consistent with known interactions and also reveal additional interactions, which are supported by functional IgG1-mutant analysis. Upon antibody binding, the C1q arms condense, inducing rearrangements of the C1r 2 s 2 proteases and tilting C1q's cone-shaped stalk. The data suggest that C1r may activate C1s within single, strained C1 complexes or between neighboring C1 complexes on surfaces.
T he complement system is part of our innate immune system. The classical complement pathway is triggered by activation of the C1 initiation complex upon binding to cell surfaces. C1, or C1qr 2 s 2 , consists of four proteases, C1r and C1s, that associate with C1q, which contains antibody-binding sites. The homologous serine proteases C1r and C1s each consist of six domains (fig. S1A). C1q comprises 18 polypeptide chains; three chains of C1q-A, -B, and -C trimerize to form six collagen-like triple helices connected to six globular (trimeric) ligand-recognition (gC1q) modules ( fig. S1B) (1) . Binding of C1 through its gC1q modules to mediators of inflammation, such as immunoglobulin G (IgG) or IgM antibodies (fig. S1, C and D), on cell surfaces activates the associated proteases and initiates the proteolytic cascade of complement (2) (3) (4) . Previously, we demonstrated that IgG molecules, bound to their cognate antigens on liposomes or cell membranes, oligomerize through interactions between their Fc regions and form a hexameric, highavidity, C1-binding structure reminiscent of multimeric IgM antibodies ( fig. S1D) (5) . Mutagenesis studies (6) (7) (8) showed that amino acid residues in IgG1 that are important for direct C1 binding are situated in the CH2 domains near the Fab-Fc hinge at the periphery of these Fc-platforms ( fig.  S1C ). In C1q, globular head residues of predominantly C1q-B mediate IgG binding (4, 9, 10) . However, the molecular sequence of events leading to C1 activation by IgG hexamers remains poorly understood (11) . We used IgG monoclonal antibodies (mAbs) oligomerized through antigenbinding on liposomes or preformed antibody complexes in solution and applied tomography and single-particle cryo-electron microscopy (cryo-EM) to resolve the mechanisms of C1 binding and activation.
Liposomes carrying di-nitrophenyl (DNP) haptens were incubated with an anti-DNP chimeric IgG1 mAb and C1 to allow extensive formation of surface-bound C1-IgG1 complexes (Fig. 1A) . Tomograms showed marked structural variations in C1 binding to antibodies on these liposomes (Fig. 1A and fig S2, A and B) . Alignment and classification of single-membrane-bound C1-IgG1 complexes (Fig. 1B) (Fig. 1C) , which is consistent with a previous reconstruction obtained with a goat polyclonal antibody to DNP at~65-Å resolution (5) . Analysis of subvolumes of C1-IgG1 complexes revealed persistent density for neighboring C1 complexes (Fig. 1D and fig. S2E ), as previously observed by using normal human serum (12) . Distances between nearest neighbors varied from~11 to 40 nm center-to-center, with a peak at 23 nm ( fig. S2F) (5, 13, 14) . Classification and averaging of single-particle densities yielded separate classes with four, five, or six gC1q domains in contact with the Fc platforms (Fig. 2, A  and B, and fig. S4C ). One class containing~79,000 particles with six gC1q domains bound to the Fc platform yielded a map at 10-Å resolution ( fig.  S4D ), resulting in an overall structure 32 nm high and 25 nm wide that is consistent with densities observed in tomography ( fig. S5 ). The reconstruction reveals densities for all C1q collagen-like triple helices and gC1q modules, C1r and C1s proteases, and IgG1-Fc regions (Fig. 2, C and D) .
Imposing sixfold symmetry on the IgG1 platform bound to gC1q yielded a density map at 7.3-Å resolution (Fig. 3A and fig. S4D ). Crystal structures of Fc CH2 and CH3 domains (pdb-code 1HZH) (15) and gC1q (1PK6) (16) were modeled in this density map (Fig. 3A) . In the resulting model, each gC1q domain contacts peripheral areas on both CH2 and CH2′ domains of an IgG-Fc dimeric segment, burying~540 (Fig. 3A) . However, no direct contact is observed between the glycans and gC1q, supporting the idea that glycosylation affects C1 binding through IgG hexamerization (13) . Fitting of heterotrimeric gC1q to the density yielded similar correlation coefficients for three possible A-B-C domain orientations, with a marginally higher score for chains B and C facing the antibodies, which is consistent with mutation data that has identified chains B and C harboring the antibody-binding sites (9) .
The Fc-gC1q structure identified distinct C1q-binding sites on the two Fc-CH2 domains of an IgG1. The observed binding sites are corroborated with extensive mutagenesis, which shows that both previously established amino acid contacts and contacts newly identified in our structure modulate complement activation (Fig. 3, B and  C, and fig. S6C) (6-8, 18 ). Mutations were introduced in the CD20 mAb IgG1-7D8, and the impact on complement-dependent cytotoxicity (CDC) of CD20-expressing Raji cells was assessed (Fig. 3C  and table S1 ). The first binding site is formed by loop FG (residues 325 to 331) of Fc CH2, which is known to be involved in binding both C1q and Fcg receptors (18) (19) (20) (Fig. 3B) . Mutation of Ala 327 into a positively charged lysine decreased CDC, whereas the mutation Ala 327 Gly enhanced CDC (Fig. 3C) . The Fab regions themselves are positioned flexibly below the Fc platform, as is apparent in the tomography reconstructions (Fig. 1,  B and C, and fig. S5 ), and appear not to contribute directly to C1 binding and activation.
We fitted structural models of C1q, C1r, and C1s into the density reconstruction of C1-IgG1 6 (Fig. 4 and fig. S7 ). On top of the C1 structure, the six C1q-A, -B, and -C collagen-like triple helices form a stalk that adopts a continuous, hollow cone-shaped structure, which is tilted by 15°from the vertical axis. Six triple helices emerge from the stalk, extend downward (with an irregular small right-handed supercoil), and connect to the gC1q modules that bind the IgG1-Fc hexamer platform. In particular, the collagen-like helices 3 and 6 display a marked bending (Fig. 4A) . Density positioned in between the collagen-like helices is consistent with previously proposed binding of N-terminal domains of C1r 2 C1s 2 between the C1q arms, with arms 2, 3, 5, and 6 contacting C1r and arms 1 and 4 contacting C1s molecules (Fig. 4B ) (23) (24) (25) . Using crystal structures of C1r and C1s (25) (26) (27) (28) and their homologs MASP1 and MASP2 (29, 30) , domains CUB1-EGF-CUB2-CCP1 of both C1r and C1s ( fig. S1A) were modeled into the densities ( fig. S7 ). No density is observed for the CCP2-SP domains of either C1r or C1s in the 10-Å resolution single-particle reconstruction, indicating flexible arrangements for these parts. However, density obtained for CCP1 domains allows completion of the model with the superposition of CCP1-CCP2-SP crystal structures onto CCP1 of C1r and C1s (Fig. 4C and fig. S1A ). This results in a model in which C1r CCP1 orients CCP2-SP to curve around the C1q collagen-like helix Ugurlar 
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gC1q Fc toward C1s and in which C1s CCP1-CCP2-SP sticks outward, which is consistent with their proteolytic functions in the complement cascade ( Fig. 4C and fig. S7D ).
The observed arrangement of the C1r and C1s heterotetramer differs from predictions based on a tetrameric C1s arrangement (25, 31) . The CUB2 domains of C1r and C1s are rotated, and the C1r-C1s dimers are shifted along each other, shortening the contact sites of C1q-collagen helices 2 and 5 from 14 (31) to 11 nm in C1-IgG1 6 ( fig. S7 , A to C). The arrangement of the C1q arms, induced upon binding the Fc hexamer, is also indicative of a compaction. The gC1q domains in unbound C1 are spread apart up to 30 to 35 nm (31) . Bending of the collagen-like helices of arms 3 and 6, which embrace C1r 2 s 2 in the longest dimension, and incomplete binding of the gC1q heads (on arms 5 and 6) to Fc platforms support the notion of a surface-induced conformational change.
The affinity of gC1q modules for single-IgGantibody molecules is very low. For IgG antibody molecules to form a recognition pattern therefore requires their clustering or aggregation, allowing the formation of a multivalent complex with C1. IgM molecules are already multivalent but require their occluded C1 binding sites to be revealed upon interacting with surface antigen. Here, we show that the multivalent binding of C1 to IgG hexamers results in compaction of C1q arms, which rearranges the N-terminal (CUB1-EGF-CUB2) platform of the C1r 2 s 2 proteases and may allow the catalytic SP domain of the C1r CCP1-CCP2-SP arm to reach the scissile loop in C1s CCP1-CCP2-SP. Alternatively, the extended conformations of the CCP1-CCP2-SP domains may allow intercomplex proteolysis induced by neighboring complexes. This is consistent with the C1-antibody complexes that form on crowded surfaces, as observed in tomograms of IgG mAb hexamers bound to liposomes. Intercomplex activation has been proposed for MBL-MASP2 2 complexes of the lectinbinding complement pathway, in which MASP1 proteases present in separate MBL-MASP1 2 complexes mediate activation (31, 32) . (Right) Zoom in of interaction sites 1 and 2, with key interacting residues shown in stick representation and labeled. (C) Complement-dependent cytotoxicity assays of Raji cells opsonized with wild-type (WT) and mutated CD20 mAb IgG1-7D8 (n = 3 independent experiments) exposed to C1q-deficient serum to which a titration of 1 ng/mL to 60 mg/mL C1q was added. Cell lysis was assessed with flow cytometry by using propidium iodide staining. Bars show the average area under the curve (AUC) for this dose response normalized against the AUC obtained with the unmutated WT IgG1-7D8 set to 100% NO AB:control reactions without IgG1 added. cells, would likely not induce compaction of the C1q arms, and activation may depend on intercomplex proteolysis of surface-bound C1 complexes. Our data suggest that danger pattern recognition by C1 may lead to proteolysis and activation within an isolated complex through a conformational change, as suggested by an observed bending of C1q arms and the arrangement of proteases. Close interactions observed between separate C1-IgG complexes, however, suggest that proteolysis may also result from intercomplex activation.
